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Background: A variety of studies have reported that malaria parasites alter the behaviour of mosquitoes. These
behavioural alterations likely increase transmission because they reduce the risk of vector death during parasite
development and increase biting after parasites become infectious.
Methods: A mathematical model is used to investigate the potential impact of these behavioural alterations on the
lifetime number of infectious bites delivered. The model is used to explore the importance of assumptions about
the magnitude and distribution of mortality as well as the importance of extrinsic incubation period and gonotrophic
cycle length. Additionally, the model is applied to four datasets taken from actual transmission settings.
Results: The impact of behavioural changes on the relative number of lifetime bites is highly dependent on
assumptions about the distribution of mortality over the mosquito-feeding cycle. Even using fairly conservative
estimates of these parameters and field collected data, the model outputs suggest that altered feeding could easily
cause a doubling in the force of infection.
Conclusions: Infection-induced behavioural alterations have their greatest impact on the lifetime number of infectious
bites in environments with high feeding-related adult mortality and many pre-infectious feeding cycles. Interventions
that increase feeding-associated mortality are predicted to amplify the relative fitness benefits and hence enhance the
strength of selection for behavioural alteration.
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Infection with malaria parasites has been shown to alter
the behaviour of mosquitoes, with effects varying de-
pending on parasite life stage [1]. When a female mos-
quito ingests malaria parasites from a human host, it is
not immediately able to transmit the infection onto a
new host. This is because the parasite must go through
several developmental stages before becoming infec-
tious. During this pre-infectious period, female mosqui-
toes are less attracted to hosts [2] and less persistent in
their feeding attempts [3]. When they do feed, these fe-
males probe less frequently and for shorter durations
than uninfected females [4-7]. After development in
the mosquito midgut, which typically lasts ten to four-
teen days in high transmission settings [8,9], the para-
sites move into the haemolymph and eventually to the* Correspondence: l.cator@imperial.ac.uk
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unless otherwise stated.salivary glands, at which point the mosquito is able to
infect a new vertebrate host. Infectious females have
been reported to be more attracted to hosts [2,10], more
persistent in feeding attempts [3], feed on more hosts
per feeding attempt [11], probe more frequently [4-7],
and suffer greater feeding-associated mortality [12] than
uninfected females.
This suite of behavioural changes associated with infec-
tion seem likely to increase parasite transmission (fitness)
and so has been interpreted as adaptive manipulation of
host behaviour by the parasite [1]. However, the observed
changes might equally be host adaptations, or non-adaptive
side effects of infection (pathology) [2,13]. Whatever their
cause, the behavioural alterations have potential to impact
transmission. Here, the likely magnitude of this impact
was analysed not least because the behaviour of infected
mosquitoes has been largely ignored in models of malaria
epidemiology to date [1].td. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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ation on the number of infectious bites a female would be
predicted to deliver in its lifetime was briefly described by
a simple mathematical model [1]. This model measured the
impact of two of the most commonly reported behavioural
manifestations of malaria infection, namely, decreased
feeding in the oocyst stage and multiple biting/feeding per
gonotrophic cycle in the sporozoite stage. Here, for the first
time, the derivation of the model is presented, the import-
ance of different assumptions about how mosquito mortal-
ity is distributed across the gonotrophic cycle is further
investigated, and the model is applied to a suite of data
from real-world transmission sites to determine the poten-
tial impact of behavioural alteration on malaria transmis-
sion dynamics in a variety of ecological contexts.
Methods
Model
A mathematical model was used to investigate the potential
impact of behavioural alteration on the relative force of in-
fection, which is defined here as the average number of
infectious bites delivered per infected female. All females
enter this model after taking and being infected by an infec-
tious blood meal. During each gonotrophic cycle mosqui-
toes search for hosts, blood feed, rest, search for oviposition
sites, and oviposit. These cycles take place over a set period
of days and are repeated throughout the mosquito’s adult
life until death (Figure 1).
As the females go through these cycles they experience
two potential sources of mortality (Figure 1). Background
mortality is defined as death occurring at a constant daily
rate, independent of the activity undertaken by the
mosquito. It is the product of mortality applicable over
the time period assigned to host-seeking pre-bite (s)
and the time spent resting and seeking an oviposition
site post-bite (f ). Incremental mortality associated with
each bite is also assumed. This is divided between
mortality, which occurs immediately prior to biting, (a)
(preventing the bite and transmission of parasites) and mor-
tality immediately after biting (b), and with each oviposition
attempt (c). In the case of unaltered behaviour, all females
surviving long enough to do so will seek a blood meal in
every gonotrophic cycle, take one bite, and subsequently
lay eggs. The model assumes that mosquito population
size is unaffected by any change in mosquito fecundity
arising from behavioural alteration.
The average number of infectious bites an infected female
will deliver in its lifetime (B) is calculated as:
B ¼ Wk 1−sð Þ 1−fð Þ 1þM λ−1ð Þð Þð Þn 1−k
A
1−kð Þ 1−kAW 
 !
Pre-infectious cycles are those in which females have
been infected with malaria parasites that have not yetdeveloped into transmissible stages. The probability of sur-
viving a pre-infectious cycle is calculated as the probability
of surviving background mortality during the cycle, multi-
plied by the probability of either not feeding (1-M) or feed-
ing (M) and surviving the associated feed and oviposition
(λ), with λ = (1-c)(1-a)(1-b).
The probability of surviving the total incremental
mortality associated with one bite, k, is defined as (1-a)
(1-b). The probability of surviving from one blood feed
to the next, W, is calculated as W = (1-f )(1-c)(1-s). The
number of gonotrophic cycles between the cycle in
which a malaria infection is acquired and the first cycle
in which the mosquito can give an infectious bite is
represented by n.
To account for alterations in behaviour associated with
infection, the probability of females attempting to take a
blood meal in the pre-infectious (oocyst) stage (M) and
the number of bites per cycle when infectious with spo-
rozoites (A) was adjusted. Thus, (1-M), the probability
that a female does not feed during a pre-infectious feed-
ing cycle, represents pre-infectious changes in feeding
behaviour. This phenotype is based on work suggesting
that females in this stage are less persistent and less
likely to attempt to feed in this period [2-4]. Similarly, the
parameter A expresses the changes in feeding behaviour
associated with the infectious or sporozoite-stage in which
females are more likely to give multiple bites during each
feeding attempt [11].
Females that do not bite in a given cycle are still as-
sumed to experience background mortality for one cycle,
but not the incremental mortality arising from biting and
laying eggs. Females taking multiple bites during one feed-
ing attempt are assumed to experience the incremental
bite-related mortalities, a and b, for each attempted bite.
The relative number of lifetime infectious bites is calcu-
lated by comparing the average number of infectious bites
per infected female in the altered case with that in the un-
altered case, where the average number of infectious bites
per infected female is a product of the probability of sur-
viving to the transmissible stage of infection and the aver-
age number of infectious bites per mosquito reaching this
stage (Figure 1).
If malaria parasites do not alter mosquito behaviour, M= 1
(females will take a blood meal during all pre-infectious
cycles) and A = 1 (each female only bites once per feeding
attempt), so that the average number of infectious bites
delivered by a female in its lifetime, B0, is
B0 ¼ Wk 1−sð Þ 1−fð Þð Þ
nλn 1−kð Þ
1−kð Þ 1−kWð Þ
If malaria parasites do alter host behaviour, then M < 1,
and A > 1. The impact of behavioural alteration on force
of infection was calculated as F, the proportionate increase
Figure 1 Mathematical model used to determine the effect of altered feeding behaviour on the relative force of infection. Schematic of
the model components that are used to calculate the average number of infectious bites delivered per infected female in its lifetime (B). See text
for symbol definitions.
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(B) and unaltered case (B0).
F is calculated as
F ¼ B
B0
¼ 1þM λ−1ð Þð Þ
n 1−kA
 
1−kWð Þ
λn 1−kð Þ 1−kAW A detailed derivation of the model is given in Additional
file 1.
When considering the maximal effect of behavioural al-
terations M was set to 0 (all females skipping pre-infectious
feeds) and A = 5 (5 bites per infectious feeding attempt).
Sporozoites can be transmitted during probing and prior
to blood ingestion [14], so this represents the number of
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meals per feeding event. Given that there are already data
showing that infected females can take at least two bites
per attempt [11] and that in some circumstances even
uninfected females have been found to ingest blood from
up to three hosts per night [15,16] this seems a biologically
plausible upper value for A. For our analysis these represent
the maximal behavioural alteration infection might create.
Using these parameters allows for comparison of the ma-
ximum potential effects altered feeding could create under
different conditions.
Mortality distributions across the gonotrophic cycle
There are few data on mosquito mortality in the field.
Those data that do exist come from methods such as
mark-release recapture and comparing ratios of infection
stages, Christopher stages and parity rates [8,17-20]. These
methods provide information about the averaged mortality
per feeding cycle, but do not describe the distribution
of that mortality over a feeding cycle. There is evidence
that the distribution of mortality may be heavily associ-
ated with feeding events. Mosha and others [21] reported
feeding-associated mortality as high as 25.5% in the absence
of any mosquito control intervention. To capture these
uncertainties, three different distributions are used here
to describe mortality over a gonotrophic cycle. In the
first, mortality is evenly distributed throughout the feeding
cycle. In the second, the mortality is completely associated
with feeding events and the total mortality reported for a
cycle is split evenly between mortality incurred immediately
before and after biting. The third distribution assumes
that females die at a constant daily rate and experience
additional mortality (evenly split pre-and post-bite). Taking
a commonly used daily mortality of 15% (which applied
consecutively over three days gives a cumulative mortality
of 38.6% per feeding cycle) [9,22], these three mortality
scenarios are as given in Table 1.
Field data sets
Killeen and others describe a suite of transmission-related
parameters for four malaria-endemic locations [9] (Table 2).
Butelgut, is located in a forested inland region of the
Madang Province in Papua New Guinea [20]. The primary
vector is Anopheles punctulatus and there was transmissionTable 1 Generalized mortality distributions
Distribution a b c
Background 0.00% 0.00% 0.00%
Feeding-associated 21.64% 21.64% 0.00%
50% of each 11.48% 11.48% 0.00%
Three distributions of mortality were used in the model: mortality evenly distribute
and an intermediate scenario in which mortality half of the mortality was evenly di
the feeding event.
Symbols: a refers to pre-bite mortality, b refers to post-bite mortality, Total, is the mof both Plasmodium falciparum and Plasmodium vivax
during the study period [23]. The remaining sites are
African. Kankiya and Kaduna are both dry savannah
sites in northern Nigeria and at the time the data were
collected had holo-endemic P. falciparum transmission
[18,24]. Namawala is in the flat flood plains of the
Kilombero Valley in Tanzania [25]. Anopheles gambiae
sensu lato is the primary vector in Namawala [25] and
Kaduna [18], while transmission in Kankiya is dominated
by Anopheles arabiensis [24]. The model was run using
the conditions described in these transmission settings
to demonstrate the potential impact of behavioural al-
teration in field settings.
Results
Effect of behavioural alterations in a generic case
First, the model is used to investigate the potential impact
of manipulation using a set of generic parameters that
are commonly used to model transmission [22]. The
gonotrophic cycle is assumed to last three days [26] and
each blood meal leads to the completion of a gontrophic
cycle (there was no gonotrophic discordance). There are
four feeding cycles (12 days) between the female taking
an infectious blood meal and becoming infectious [27].
The number of times an altered female bites per feeding
episode is limited to five. Using these assumptions, situa-
tions are compared where daily mortality is constant across
the gonotrophic cycle, is explicitly linked to feeding, or is a
combination of both (Table 1).
When mortality is evenly distributed across the gono-
trophic cycle and not associated with a feeding event,
there is no survival cost to females attempting multiple
bites during a single feeding attempt (A > 1). Therefore,
these females increase the relative number of lifetime
infectious bites per female by one with each additional
bite for a maximal five-fold increase (Figure 2A). There
is no increase in the number of infectious bites per infected
female from pre-infectious manipulation in this scenario
because manipulated females are not more likely to sur-
vive by skipping feeding, and the associated mortality, in
pre-infectious cycles.
Alternatively, if mortality is entirely related to feeding,
there is no mortality associated with the time spent be-
tween feeding attempts and so females will take bitess f Daily Total
21.64% 21.64% 15.00% 38.59%
0.00% 0.00% 0.00% 38.59%
11.48% 11.48% 7.811% 38.59%
d over a feeding cycle, mortality completely associated with feeding attempts
spersed over a feeding cycle and half of the total mortality was associated with
ortality over a cycle.
Table 2 Parameters used for the four endemic-malaria sites
Gonotrophic
cycle length/days
# Pre-infectious
cycles
Total mortality
per feeding cycle
Daily
mortality
Pre-bite
mortality
Post-bite
mortality
Butelgut 3.7 2 42.8%
All-daily 14.0% 0 0
All-feeding 0 24.4% 24.4%
Kankiya 3 3 17.0%
All-daily 6.0% 0 0
All-feeding 0 8.9% 8.9%
Namawala 2.7 4 39.6%
All-daily 17.0% 0 0
All-feeding 0 22.25% 22.25%
Kaduna 2 5 19.0%
All-daily 10.0% 0 0
All-feeding 0 10.0% 10.0%
First three data columns, published estimates. Second three data columns, mortality values estimated from measured feeding cycle mortality rates, allocated
across the feeding cycle according to the mortality scenarios described above (Table 1). For more information about these data sets please see [9].
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death. Therefore, females will deliver the same average
number of infectious bites in their lifetime regardless
of whether those bites are distributed five per feeding
attempt or one per feeding attempt. With this mortal-
ity assumption an unaltered female delivering one bite
per feeding attempt will survive through more feeding
cycles to deliver the same number of bites as an altered
female taking five bites per feed (no difference between
bars in a cluster, Figure 2B). However, females skipping
pre-infectious feeds reduce feeding-associated mortality
and hence experience a large relative increase in survivor-
ship (increased F from left to right, Figure 2B). Maximal
impact on transmission occurs when all females skip pre-
infectious cycles. These alterations in behaviour lead to up
to seven-fold increases in transmission intensity.
In reality, mortality is likely associated with both feeding
and day-to-day events. When half the mortality risk is asso-
ciated with a feeding event and the remainder distributed
across daily (background) mortality, the relative increase in
the number of lifetime infectious bites as a result of behav-
ioural alteration is intermediate between the two extreme
mortality scenarios (compare Figure 2C with A,B).
Influence of oviposition related mortality
Next, the effect of oviposition-related mortality on impact
of behavioural alteration on transmission is investigated
(Table 3). There are no data on oviposition-related mortal-
ity in the field, but it is frequently observed in the labora-
tory. If there is significant oviposition-associated mortality
in the field, it would substantially increase the relative force
of infection resulting from behavioural alteration. This can
be seen by considering the extreme case, where all mortal-
ity is related to oviposition and that M = 0 and A = 5 (themaximum behavioural alterations possible in the model).
All oviposition-related mortality is avoided if pre-infectious
feeds are skipped (since mosquitoes which do not feed, do
not oviposit) resulting in a seven-fold increase in transmis-
sion intensity. Additionally, with this mortality assumption,
a female incurs no additional mortality irrespective of how
many bites it takes in order to secure one full blood meal,
all mortality being incurred as oviposition-associated mor-
tality when it goes to lay the resulting clutch of eggs. This
allows an additional five-fold increase in transmission
intensity. This leads to a 35-fold (seven-fold by five-fold)
increase in transmission (Table 3).
Potential impacts of behavioural alteration in
transmission settings
The reported gonotrophic cycle length, number of cycles
the female completed during sporogony and daily survivor-
ship reported for the four data settings [9] were applied
to the contrasting mortality allocations as described in
the generic case above (Table 1) to explore the predicted
effects on transmission. Recall again, that F is a relative
measurement and so while the lifetime number of infec-
tious bites per female at each of the four sites differs,
the relative increases in F within each site under vary-
ing degrees of infection-induced behavioural alteration
is reported.
With mortality assumed to be constant and not explicitly
linked to feeding, the relative effects of altered behaviour
are equivalent across sites, yielding up to a five-fold in-
crease in lifetime number of infectious bites depending
on the number of bites per feed (Figure 3A). In contrast,
if mortality is linked to feeding, the background parameter
values lead to large variations between sites (Figure 3B). In
the Kankiya field site, the relative increase in force of
Table 3 The effect of different mortality assumptions on
the relative increase in force of infection
Distribution Daily a b c Total Max F
Background 15% 0% 0% 0% 38.6% 5
Feeding- associated 0% 21.6% 21.6% 0% 38.6% 7
Oviposition 0% 0% 0% 38.6% 38.6% 35
Mortality distributions were calculated based on the parameters of the
generalized case (15% daily mortality, three-day gonotrophic cycle, and four
pre-infectious cycles). Details of each mortality distribution are also given.
Note that in the all-feeding mortality scenario, that feeding-associated mortality
is evenly split between immediately pre-and post-bite.
Symbols; a refers to pre-bite mortality, b refers to post-bite mortality, and c refers
to ovipostion-related mortality, Total is the mortality over the cycle. The relative
increase in the number of infectious bites per female (Max F) is reported for a
scenario in which all manipulated females skip pre-infectious feeding cycles
(M= 0) and infectious females take five bites per feeding attempt (A = 5).
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Figure 2 Increase in lifetime infectious bites due to behavioural alterations (altered feeding propensity before and after infectiousness).
A. Mortality constant across a feeding cycle; B. All mortality associated with feeding; C. Mortality split equality between those two scenarios. The
different shaded bars from left to right indicate one to five post-infectious bites. The y-axis is proportionate increase, so the dotted line denotes the
situation where behavioural alteration has no impact on transmission.
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ation is negligible even if mosquitoes skip all pre-
infectious feeds. For the Namawala site, on the other
hand, skipping feeds has a progressively large (>seven-
fold) effect on relative force of infection because the com-
bined effect of both relatively high mortality rate and
high number of pre-infectious feeds leads to a greater
survival “pay-off” in this setting when females skip feeds
and avoid the associated mortality.
Influence of pre-infectious cycles
As described in the generalized case, the relative increase
in force of infection arising from a given behavioural
modification is highly sensitive to the per cycle mortality
and also to the number of pre-infectious cycles. For
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Figure 3 The predicted effect of behavioural alteration on transmission at four different sites. Y-axis is the relative lifetime number of
infectious bites per female (F) and each transmission site represented by different coloured bars. A. F was calculated assuming constant daily
mortality. In this scenario, relative increases in F are driven by the number of attempted bites per infectious feed (A). F is a relative measure within
sites and so the relative increases do not vary between sites under this mortality assumption, even though the absolute magnitude of
transmission intensity varies among the sites. B. Values generated assuming all mortality is feeding-related. In this instance there is no effect of
the number infectious bites on F (see Figure 2) and thus, the effect of the probability of feeding during pre-infectious feeds (1-M) is displayed.
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three-day gonotrophic cycle, and four pre-infectious
cycles, the maximum relative increase in lifetime infec-
tious bites (assuming all mortality is feeding-related) is 12-
fold.
To further investigate the relative importance of gono-
trophic cycle length and the number of pre-infectious
cycles on the relative impact of behavioural alteration on
lifetime infectious bites, the case where mortality rates
were split evenly over daily and feeding-associated mor-
tality are considered. Parameter values are used from the
standardized case, the Kankiya site that has relatively
low mortality per feeding cycle (17% per feeding cycle),
and the Namawala site that has relatively high mortality
(39% per feeding cycle). The duration of gonotrophic cycles
are adjusted without changing the number of pre-infectious
cycles (standard = 4, Kankiya = 3, Namawala = 4) to look at
the effect of changing cycle duration. To look at the effect
of the number of pre-infectious cycles, the cycle durations
are maintained (standard = 3, Kankiya = 3, Namawala = 2.7)
and the number of pre-infectious cycles are adjusted.
While longer cycle length and higher numbers of pre-
infectious cycles increase the relative survival pay-off from
behavioural alteration, the number of pre-infectious cycles
in which the female skips a blood meal has a bigger impact
on the effects of behavioural changes than the length of the
cycle. The pay-off is only slightly changed in a setting like
Kankiya, but is more dramatically affected in Namawala,
where the mortality per feeding cycle is higher and adjust-
ing cycles from two to five results in a doubling of relative
force of infection (Figure 4). This is the case when a por-
tion of the total mortality is assumed to be associated withthe feeding event and would not be true if the mortality
were wholly associated with daily background mortality.
Minimum manipulation required for large impacts on F
While useful for comparing the potential impact of differ-
ent parameters on force of infection, one could argue that
the maximal conditions in the model (M = 0 and A = 5)
are unrealistically extreme. The model was run for all
parameter sets using the three mortality distributions
and a conservative assumption that altered females take
only one additional infectious bite (A = 2). Using these
assumptions, the minimum proportion of females required
to skip pre-infectious bloodmeals (1-M) in order to achieve
a 50% increase and a doubling in the relative force of
infection was calculated (Figure 5). Even this conserva-
tive assumption about infectious biting rate, combined
with field parameters, our analysis predicts that beha-
vioural alteration within a laboratory derived range for
M [2-4,7,10,11] would cause at least a 50% increase in
force of infection in most transmission settings.
Discussion
The analysis presented here indicates that depending on
baseline transmission ecology and the strength of the
behavioural alteration, infection-induced behavioural
alterations could impact the number of infectious bites
per infected mosquito by many fold. Highly plausible
parameter combinations quickly double the force of
infection and some parameter space gives changes of
three- to seven-fold. To put these figures into perspec-
tive, the basic reproductive rate, R0, scales directly with
F, the measure of the potential impact of behavioural
Standard
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Figure 4 The effect of gonotrophic cycle length and number of pre-infectious cycles on relative lifetime number of infectious bites per
female resulting from manipulation. In both graphs, the values reported are based on transmission site data, each line represents a location
(associated daily mortality value) with an even split between daily and feeding-associated mortality. One value was held constant while the other
was varied (Tables 1 and 2) The relative lifetime number of infectious bites reported is for a scenario in which all manipulated females skip
pre-infectious feeding cycles (M= 1) and they take five bites per infectious feeding attempt (A = 5). A. the number of pre-infectious cycles was
held constant and the duration of gonotrophic cycles was altered. B. Effect of the number of pre-infectious cycles by holding the cycle duration
constant and varying the number of pre-infectious cycles.
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http://www.malariajournal.com/content/13/1/164alteration (for further explanation of this relationship
see Additional file 2). Under certain parameter conditions
and assumptions the presence or absence of behavioural
modification can make a seven-fold difference to the
lifetime number of infectious bites given by infectious0
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Figure 5 Minimum proportion of females skipping pre-infectious feed
infection, F. The minimum proportion of females required to skip pre-infe
were assumed to attempt only two bites per feed (A = 2). Parameter values
proportion of females required to skip pre-infectious feeds to achieve a 50
cause a fold increase in F. The dashed lines represent the range of females
[2-4,7,10]. Under most transmission parameters the required proportion of
increases in the force of infection falls well within the range observed in la
at which F = 2. This site has very low averaged daily mortality compared to
pre-infections feeds the increase in the relative force of infection is less thamosquitoes. This means that estimates of R0 from models
which assume infected mosquitoes behave as uninfected
mosquitoes could be many fold off.
Consider the magnitude of public health interventions on
transmission intensity. A recent study in the KilomberoAll-feeding 
mortality
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mortality
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s (1-M) required to cause large increases in the force of
ctious feeds (1-M in the model) was calculated. Infectious females
and mortality distributions are as defined in Tables 1 and 2. A. The
% increase in F. B. The proportion of skipping females required to
reported to skip pre-infectious bloodmeals, (1-M), in laboratory studies
females skipping pre-infectious blood meals in order to cause large
boratory studies. Note that in Kankiya there is no proportion of females
the other transmission settings. Even if 100% of females skip all
n 100% when A is capped at 2 (F = 2 never reached).
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bites per person per night (Entomological Inoculation Rate)
associated with the use of bed nets and an additional
4.6-fold decrease with the additional use of long-lasting,
insecticide-treated nets [28]. Thus, in certain environments,
the impact of behavioural alteration on calculated metrics
is potentially of the same magnitude as widespread control
measures. Again, this does depend on mortality distribution
and the prevalence and intensity of altered phenotypes, but
even using conservative assumptions, behavioural alter-
ation has the potential to be very important. Behavioural
alteration is thus relevant both for the theoretical analyses
which underlie public health policy decisions and for the
derivation of parameters values indirectly derived from
accessible field data. That such a potentially important
phenomenon is so poorly understood and is ignored in
most current theoretical frameworks represents a serious
knowledge gap [11].
A key unknown is the magnitude of the behavioural al-
terations (Figures 2 and 4). The proportion of total females
in a population that exhibit pre-infectious behavioural
alterations (1-M, the x-axis in Figures 2 and 3) has not
been estimated in the field. In laboratory studies, with
age-matched controls, females have been found to be
11-50% less likely to attempt to feed [2,4] and 20% less
persistent when they do [3]. More is known about feed-
ing propensity of females after they become infectious
(A, the different shaded bars in Figures 2 and 3). In the
laboratory, sporozoite-infected females were found to be
19-400% more attracted to hosts [2,4,10] than age-matched
controls and 23% more persistent [3]. In the field, Koella
and others [11] measured a 12% increase in multiple
blood meals from sporozoite-infected females and Wekesa
and others [7] reported a 43.19% increase in the likelihood
of sporozoite-infected females to feed. These two studies,
however, were necessarily not conducted with matched
controls (as they were from field-caught mosquitoes) and
so the increase could be confounded by factors such as age.
If manipulation has a similar effect in wild populations,
then sporozoite-stage manipulation would lead to a greater
increase in relative force of infection than oocyst-stage ma-
nipulation using the conditions studied here. However in
situations in which mortality is high, increased survivorship
in pre-infectious cycles becomes a more important driver
of relative force of infection as in the Namawala scenario.
The uncertainties here emphasize the need for better
behavioural data from the field.
The impact of behavioural alteration on transmission is
sensitive to estimates of mortality rates and assumptions
of the distribution of mortality across feeding cycles. This
approach does not incorporate age-dependent mortality in
which older females are subject to higher mortality than
younger females. If older females experience higher back-
ground mortality, this underlying mortality pattern wouldbe expected to increase the relative importance of early
infectious bites and reduce the importance of changes
in the number of attempted bites per feed.
Feeding-associated mortality was an important deter-
minant of the impact of behavioural alteration. Therefore,
the relative “pay-off” of infection-associated behavioural
changes is likely to interact with mosquito control strategies
that modulate vector mortality. For example, in experimen-
tal hut tests, Mosha and others [21] found that bed nets
treated with deltamethrin and α-cypermethrin caused an
approximate 50% feeding-associated mortality per night in
An. arabiensis. This was compared with the mortality of
25% in control groups. The relative increase in force of
infection was calculated for these mortalities assuming
that all mortality is associated with feeding. In the case
without bed nets (25% mortality) maximum behavioural
alteration causes a three-fold increase in relative force of
infection. When feeding-associated mortality is increased
to 50% (as with bed nets) alteration results in an almost
16-fold increase in relative force of infection. This increase
in the relative force of infection is due to pre-infectious
females avoiding the additional mortality associated
with feeding. Thus, interventions that increase mortality
(especially feeding-associated mortality) will magnify
the impact of these infection-associated behavioural
phenotypes on transmission intensity. In other words,
if behavioural alteration is widespread, it could be re-
ducing the control efficacy of a number of widespread
public health interventions in ways that are not cur-
rently captured by the theoretical frameworks available
to evaluate them.
If infection-induced alteration of mosquito-feeding
behaviour is parasite manipulation (i e, the result of
parasite adaptation), the strength of natural selection
for pre-infectious manipulation would be expected to
increase as interventions increase feeding-associated
mortality (because the fitness pay-off for skipping pre-
infectious cycles rises). This may make little difference
if manipulation is cost-free for the malaria parasites,
since selection will already have generated the maximum
manipulation possible. However, in many instances ma-
nipulation can be costly to parasites [29]. For instance,
if manipulation is achieved by the secretion of costly levels
of behaviour-altering hormones or if resources allocated
to manipulation effort trade-off with parasite replication
rates, then natural selection will favour the level of
manipulation which balances those costs and benefits.
The widespread use of control measures such as bed nets
would then increase the costs associated with feeding and
therefore, the benefits of manipulation, which would lead
to the evolution of more manipulative malaria parasites.
Similar evolution might also be expected if behavioural al-
teration is an adaptive response by the mosquitoes to infec-
tion. In this scenario, females exhibit altered phenotypes
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pre-infectious cycle. Insecticide-driven selection would
reinforce the benefits of skipping gonotrophic cycles in the
pre-infectious phase.
Conclusion
The model analysis suggests that alterations of mosquito-
feeding behaviour following infection have the potential to
greatly impact malaria transmission in natural settings,
and to affect the efficacy of vector control interventions.
The analysis also makes clear that further progress requires
a much better quantitative characterization of behavioural
alteration in the field, and of the patterns of mortality
associated with blood feeding and oviposition across the
mosquito lifespan. The model provides a framework to
assess these data if and when they become available. A
refined understanding of the causes and consequences
of behavioural alteration in the field could lead to novel
approaches for controlling malaria by targeting manipu-
lated phenotypes.
Additional files
Additional file 1: Mathematical derivation of the relative number of
infectious bites predicted with behavioural alteration (F).
Additional file 2: Relationship between model output parameter F
to basic equation for R0.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
PL led model design with input from LJC; LJC and PL ran model analyses
with input from MBT and AFR; LJC, PL, AFR, and MBT wrote the manuscript.
All authors read and approved the final manuscript.
Acknowledgements
This study was supported by the NIH-NIAID ICEMR award (#U19AI089676-01).
Discussion with members of the Read and Thomas laboratory groups was
greatly appreciated.
Author details
1Department of Life Sciences, Imperial College London, Ascot, UK.
2Mathematics and Statistics Department, The Open University, Milton Keynes,
UK. 3Center for Infectious Disease Dynamics, Department of Entomology,
Pennsylvania State University, University Park, PA, USA.
Received: 26 November 2013 Accepted: 21 April 2014
Published: 1 May 2014
References
1. Cator LJ, Lynch PA, Read AF, Thomas MB: Do malaria parasites manipulate
mosquitoes? Trends Parasitol 2012, 28:466–470.
2. Cator LJ, George J, Blanford S, Murdock CC, Baker TC, Read AF, Thomas MB:
“Manipulation” without the parasite: altered feeding behaviour of
mosquitoes is not dependent on infection with malaria parasites. Proc R
Soc B 2013, 280:1–7.
3. Anderson RA, Koella JC, Hurd H: The effect of Plasmodium yoelii nigeriensis
infection on the feeding persistence of Anopheles stephensi Liston
throughout the sporogonic cycle. Proc R Soc B 1999, 266:1729–1733.
4. Koella JC, Rieu L, Paul REL: Stage-specific manipulation of a mosquito’s
host-seeking behavior by the malaria parasite Plasmodium gallinaceum.
Behav Ecol 2002, 13:816–820.5. Rossignol PA, Ribeiro JM, Spielman A: Increased intradermal probing time
in sporozoite-infected mosquitoes. Am J Trop Med Hyg 1984, 33:17–20.
6. Ponnudurai T, Lensen AHW, Van Gemert GJA, Bolmer MG, Meuwissen JHE:
Feeding behaviour and sporozoite ejection by infected Anopheles
stephensi. Trans R Soc Trop Med Hyg 1991, 85:175–180.
7. Wekesa JW, Copeland RS, Mwangi RW: Effect of Plasmodium falciparum on
blood feeding behavior of naturally infected Anopheles mosquitoes in
western Kenya. Am J Trop Med Hyg 1992, 47:484–488.
8. Charlwood JD, Smith T, Billingsley PF, Takken W, Lyimo EOK, Meuwissen JHET:
Survival and infection probabilities of anthropophagic anophelines from an
area of high prevalence of Plasmodium falciparum in humans. Bull Entomol
Res 1997, 87:445–453.
9. Killeen GF, McKenzie FE, Foy BD, Schieffelin C, Billingsley PF, Beier JC:
A simplified model for predicting malaria entomologic inoculation rates
based on entomologic and parasitologic parameters relevant to control.
Am J Trop Med Hyg 2000, 62:535–544.
10. Smallegange RC, Van Gemert G-J, van de Vegte-Bolmer M, Gezan S, Takken
W, Sauerwein RW, Logan JG: Malaria infected mosquitoes express
enhanced attraction to human odor. PLoS ONE 2013, 8:e63602.
11. Koella JC, Sorensen FL, Anderson RA: The malaria parasite, Plasmodium
falciparum, increases the frequency of multiple feeding of its mosquito
vector, Anopheles gambiae. Proc R Soc B 1998, 265:763–768.
12. Anderson RA, Knols BGJ, Koella JC: Plasmodium falciparum sporozoites
increase feeding-associated mortality of their mosquito hosts Anopheles
gambiae s.l. Parasitology 2000, 120:329–333.
13. Moore J: Parasites and the Behavior of Animals. New York: Oxford University
Press; 2002.
14. Scott TW, Chow E, Strickmand D, Kittayapong P, Wirtz RA, Lorez LH, Edman JD:
Blood-feeding patterns of Aedes aegypti (Diptera: Culicidae) collected in a
rural Thai village. J Med Ent 1993, 30:922–927.
15. Zimmerman RH, Galardo AKR, Lounibos LP, Arruda M, Wirtz RA: Bloodmeal
hosts of Anopheles species (Diptera:Culicidae) in a malaria-endemic area
of the Brazilian Amazon. J Med Ent 2006, 43:947–956.
16. Matsuoka H, Yoshida D, Hirai M, Ishii A: A rodent malaria, Plasmodium berghei,
is experimentally transmitted to mice by merely probing of infective
mosquito, Anopheles stephensi. Parasitol Internation 2002, 51:17–23.
17. Graves PM, Burkot TR, Saul AJ, Hayes RJ, Carter R: Estimation of anopheline
survival rate, vectorial capacity and mosquito infection probability from
malaria vector infection rates in villages near Madang, Papua New
Guinea. J App Ecol 1990, 27:134–147.
18. Harrington LC, Buonaccorsi JP, Edman JD, Costero A, Kittayapong P, Clark GG,
Scott TW: Analysis of survival of young and old Aedes aegypti (Diptera:
Culicidae) from Puerto Rico and Thailand. J Med Entomol 2001, 38:537–547.
19. Service M: Some basic entomological factors concerned with the
transmission and control of malaria in northern Nigeria. Trans R Soc Trop
Med Hyg 1965, 59:291–296.
20. Charlwood J, Kihonda J, Sama S, Billingsley PF, Hadji H, Verhave J, Lyimo E,
Luttikhuizen P, Smith T: The rise and fall of Anopheles arabiensis
(Diptera: Culicidae) in a Tanzanian village. Bull Entomol Res 1995, 85:37–44.
21. Mosha FW, Lyimo I, Oxborough RM, Rowland MW: Comparative efficacy of
permethrin, deltamethrin and alphacypermethrin treated nets against
Anopheles arabiensis and Culex quinquefasciatus in northern Tanzania.
Ann Trop Med Parasitol 2008, 102:367–376.
22. Kiszewski A, Mellinger A, Spielman A, Malaney P, Sachs SE, Sachs J: A global
index representing the stability of malaria transmission. Am J Trop Med
Hyg 2004, 70:486–498.
23. Burkot TR, Graves PM, Paru R, Wirtz RA, Heywood PF: Human malaria
transmission studies in the Anopheles punctulatus complex in Papua
New Guinea: sporozoite rates, inoculation rates, and sporozoite
densities. Am J Trop Med Hyg 1988, 39:135–144.
24. Garrett-Jones C, Shidrawi GR: Malaria vectorial capacity of a population of
Anopheles gambiae: an exercise in epidemiological entomology.
Bull World Health Organ 1969, 40:531–545.
25. Smith T, Charlwood D, Kihonda J, Mwankusye S, Billingsley P, Meuwissen J,
Lyimo E, Takken W, Teuscher T, Tanner M: Absence of seasonal variation in
malaria parasitemia in an area of intense seasonal transmission.
Acta Trop 1993, 54:55–72.
26. Rua GL, Quinones ML, V’elez ID, Zuluaga JS, Rojas W, Poveda G, Ruiz D:
Laboratory estimation of the effects of increasing temperatures on the
duration of gonotrophic cycle of Anopheles albimanus (Diptera: Culicidae).
Mem Inst Oswaldo Cruz 2005, 100:515–520.
Cator et al. Malaria Journal 2014, 13:164 Page 11 of 11
http://www.malariajournal.com/content/13/1/16427. World Health Organization: Manual on Practical Entomology. Geneva,
Switzerland: Offset Publications; 1975.
28. Russell TL, Lwetoijera DW, Maliti D, Chipwaza B, Kihonda J, Charlwood JD,
Smith TA, Lengeler C, Mwanyangala MA, Nathan R, Knols BG, Takken W,
Killeen GF: Impact of promoting longer-lasting insecticide treatment of
bed nets upon malaria transmission in a rural Tanzanian setting with
pre-existing high coverage of untreated nets. Malar J 2010, 9:18.
29. Poulin R: The evolution of parasite manipulation of host behaviour:
a theoretical analysis. Parasitology 1994, 109:S109–S118.
doi:10.1186/1475-2875-13-164
Cite this article as: Cator et al.: Alterations in mosquito behaviour by
malaria parasites: potential impact on force of infection. Malaria Journal
2014 13:164.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
